Seed dormancy is expected to provide ecological advantages by adjusting germination to the favorable growth period. However, many species produce nondormant seeds, particularly in wet tropical forests, a biogeographic pattern that is not well accounted for in current models.
Introduction
Seeds represent a critical stage in the life history of plants. The timing of germination can determine the environment experienced throughout the life of the plant and thus is crucial for survival and fitness (Donohue et al., 2010) . Germination is controlled by factors intrinsic and extrinsic to the seed, and it can only occur under a specific combination of environmental conditions. Seeds of many plants do not germinate even if conditions are favorable: they are dormant (Finch-Savage & LeubnerMetzger, 2006; . However, other seeds lack dormancy, particularly in tropical rainforests (Moles et al., 2007; . It has been hypothesized that in constant environments dormancy may actually be maladaptive by precluding early germination and thus limiting the time for growth and development (Ellner, 1987) . However, to our knowledge the generality of this hypothesis has never been tested at a global scale.
Seed size is another attribute that can influence plant recruitment. Compared with seedlings from small seeds, large seeds produce better provisioned and larger seedlings that can perform better under unfavorable conditions (Kitajima & Fenner, 2000) . Large seeds may not need to undergo dormancy to avoid unfavorable conditions, but rather they may benefit from early germination after maturity, thereby maximizing their growth before the onset of unfavorable conditions. Early germination of large seedlings might enable the development of deeper root systems and defenses against aboveground herbivory and climatic stress, before the onset of the unfavorable season (Brunner et al., 2015) . For this reason, it has been hypothesized that dormancy and seed size (i.e. better seed provisioning) may serve as alternative adaptive strategies (Venable & Brown, 1988; Rees, 1996) . However, seed size is constrained by factors such as the maximum adult plant size (Venable & Rees, 2009 ) and larger seeds also require greater resource allocation, which is associated with a lower number of seeds produced, and may lead to higher risk of predation (G omez & Husband, 2004) .
Thus, seed dormancy and size are expected to respond to selective forces in addition to climate. Seed predation, in particular, is expected to be an important selective factor (Janzen, 1971; Brown & Venable, 1991) . Because seeds can only remain ungerminated in the soil if they are not eaten (i.e. the predation risk increases with time), Dalling et al. (2011) hypothesized that dormancy should depend on the likelihood of seed predation and that nondormancy might evolve as part of a predator avoidance strategy. All else being equal, the risk of predation is thought to be proportional to seed size because larger seeds are easier to detect and are more nutritious than smaller ones (Janzen, 1971; G omez & Husband, 2004; Long et al., 2015) . When the risk of predation of larger seeds is lower than that of smaller seeds, it is usually because size is positively correlated with defense mechanisms (Schutte et al., 2014) . Assuming that the probability of survival in the soil is inversely proportional to seed size, Volis & Bohrer (2013) used mathematical modeling to explore the association between seed size and dormancy in annual plants. They predicted that under constantly unfavorable environments (in their case, deserts) large, nondormant seeds would be selected for, whereas in temporally unpredictable environments (e.g. semiarid ecosystems with high inter-annual variation in precipitation conditions) dormant seeds would be selected for, and their size would be dependent upon the likelihood of predation of large seeds. In other words, the adaptive value of dormancy might depend simultaneously on the variability of the environment and on the probability of survival of large seeds in the seedbank.
However, Volis & Bohrer's model, as well as most models of the adaptive value of seed dormancy and size, has focused on their roles as bet-hedging mechanisms for annual plants to cope with habitat unpredictability. Seed dormancy and size clearly provide bet-hedging by spreading the risk of survival to reproduction, which is adaptive under temporal stochastic environments, such as deserts or ruderal habitats (Pake & Venable, 1996; Childs et al., 2010; Metz et al., 2010; Rubio de Casas et al., 2015) . Conversely, the linkage of seed dormancy and size to reliable fluctuations in environmental conditions (i.e. seasonality) has been largely unexplored, particularly in the case of perennials.
From a macroevolutionary perspective, seed dormancy and size tend to be largely conserved within major plant lineages (Moles et al., 2005; Willis et al., 2014) . Additionally, there are broad biogeographic trends in the global latitudinal distribution of the two traits across latitudes. Specifically, seed dormancy tends to decrease and seed size to increase towards the equator (Moles & Westoby, 2003; Morin & Chuine, 2006; . Other plant traits have been shown to follow a similar latitudinal trend as a result of seasonality. For example, leaf life span increases towards the equator and decreases towards the poles, as a consequence of changes in the length of the unfavorable season for plant growth (Reich et al., 1997) . The dependence of leaf life span on the duration of the favorable season was modeled by Kikuzawa (1996) . This approach provides a practical conceptual framework for considering how other traits, such as seed dormancy and size, respond to latitudinal variation in climate seasonality. Dormancy can be hypothesized to be particularly adaptive in seasonal environments by preventing germination during short and unpredictable favorable periods outside of the growing season, such as a few warm days in winter or a short rainy spell in the dry season (Donohue et al., 2010) . In the case of seed size, Moles & Westoby (2003) hypothesized that the length of the growing period might affect the maximum attainable seed mass for a given lineage in a given environment because longer growing seasons provide more time for carbon accumulation. Selection will thus be more likely to favor large seeds in tropical environments, where the high-energy period extends for all or most of the year. Longer growing seasons might simultaneously increase the benefits associated with early germination and enable the development of larger seeds. Although bet-hedging is undoubtedly important for the evolution of dormancy, here we posit that it is not only the predictability of the environment (or lack thereof) but also the length of the favorable season and the risk of predation that determine the adaptive value of seed dormancy and size.
Our working hypothesis (formalized in Supporting Information Methods S1) is that dormancy should be increasingly selected for under more seasonal environments to ensure that germination and early development occur during the window of favorable conditions, but that its adaptive value is contingent on seed size. In any given environment, larger seeds are predicted to be less dependent on dormancy because they produce more vigorous and robust seedlings than smaller seeds (Fig. S1 ).
To validate these predictions, we generated a large phylogenetically controlled data set of seed dormancy and size in the legume family (Fabaceae). With these data, we tested the association of seed dormancy and size with seasonality at a global scale, and investigated how seed size and seasonality have affected evolutionary transitions between dormancy and nondormancy. Lastly, based on our results, we put forward several general testable hypotheses about the evolutionary ecology of seed size and dormancy at a global scale.
Materials and Methods

Data
We used the legume family (Fabaceae) as a case study. The legumes are a useful system in which to investigate large-scale plant diversity (Yahara et al., 2013) and, more particularly, to test our hypotheses given their global distribution and variation in seed size and dormancy state (Lewis et al., 2005; . The Fabaceae include three subfamilies (Faboideae, Caesalpinioideae and Mimosoideae) that diversified relatively recently (Lavin et al., 2005) and encompass 730 extant genera and c. 19 400 species, c. 7% of all angiosperms (Stevens, 2001; Judd et al., 2016) . The seed coat of many legume seeds includes a hard, water-impermeable palisade layer of cells that provides mechanical protection for the embryo . Additionally, legume seeds contain multiple alkaloids that protect them against predators (Wink & Mohamed, 2003) . These defense traits are generally shared among close relatives. Consequently, the differential survival of seeds of related taxa in the soil is probably attributable to differences in nondefensive traits such as size. Legumes are also predominantly perennial (trees and shrubs) which also minimizes the differences potentially caused by alternative life histories.
The source of our dormancy data was . This data set was compiled over the last several decades from several thousand published papers that represent a global distribution of species. The initial data set included information for 1529 Fabaceae species representing c. 50% of the recognized genera within the family. Of these species, 1406 are unambiguously classified as perennial and 111 are annuals. The results of the models fitted to the data did not seem to be qualitatively influenced by the inclusion of annual species in the data set, probably because there were so few annuals. Keeping both annuals and perennials should make our analyses more general, and we present only the results obtained with the full data set.
Based on the classification system of Baskin & Baskin (2004) , there are three kinds (classes) of dormancy in the Fabaceae: physiological dormancy (PD) -that is, dormancy is broken by specific physiological responses to environmental cues, such as warm and/or cold temperatures, or by dry after-ripening; physical dormancy (PY) -where seeds are water-impermeable as a result of a water-impermeable palisade layer(s) of cells, and dormancy is broken in response to environmental cues (e.g. fluctuating temperatures) that cause a 'water gap' to open; and physiophysical dormancy (PY + PD) -dormancy is broken by a combination of physiological and physical environmental cues (Nikolaeva, 1967; Baskin & Baskin, 2004) . Of these three dormancy classes, PY is predominant in Fabaceae, being present in > 75% of all species included in this study; 79% of those with Global Biodiversity Information Facility (GBIF) distribution data. In addition, we also recognized species as nondormant. Nondormant seeds lack primary dormancy at seed maturity and germinate under the widest range of conditions possible immediately after dispersal without any dormancy-breaking treatments (Baskin & Baskin, 2004 . For this study, we treated all three kinds of dormancy as a single character state and compared 'dormant' (D) and 'nondormant' (ND) species. Our final data set contained 1291 dormant and 238 nondormant species.
Geo-referenced data were obtained from the GBIF database (v.2.0.3; January 2011). We compiled data only for species that were present in the dormancy data set and that had at least 20 accessions in the GBIF repository. This resulted in geo-spatial data for 532 species (485 D and 47 ND, representing 170 genera). Of these species, 475 were perennial and 57 were annual. Raw data were scrubbed for obvious mistakes (e.g. accessions recorded as occurring in the sea or for which the sign of the coordinates was inverted) both with automated scripts and by hand. The final, corrected data set included 216 600 records with a median of 415 records per species.
Seed mass, used as a proxy of total seed size, was obtained for all the species with dormancy data, principally from the Kew Gardens Seed Information Database (Royal Botanic Gardens Kew, 2012) and from the primary literature as needed. All seed size data analyses were natural log-transformed.
Environmental conditions
We used the coordinates of GBIF accessions to estimate the geographic distribution and climatic conditions of each species. We quantified seasonality using three alternative metrics. First, we computed a unique measure of seasonality based on a principal components analysis (PCA) of a subset of bioclimatic variables from the WorldClim Global Climate Database (www.worldclim. org). These variables were used because they capture different aspects of seasonal variation and included isothermality (WorldClim variable BIO3), temperature seasonality (BIO4), minimum temperature of the coldest month (BIO6), annual temperature range (BIO7), precipitation of the driest month (BIO14), precipitation seasonality (BIO15) and precipitation of the driest quarter (BIO17). Data for each variable were extracted based on species occurrence records and combined with a PCA, using the 'PRINCIPAL' function with 'VARIMAX' rotation in R v.2.15 (R Development Core Team, 2009). To control for artifacts associated with PC calculation, we also reduced environmental variation to two axes by means of a nonmetric multidimensional scaling (NMDS) of the median bioclimatic values for each species using the function 'metaMDS' of the VEGAN R package with Euclidean distances, 100 independent starts and a maximum number of iterations of 500. As additional seasonality metrics, we used two temperature-specific indices: growing-degree days (GDD) and frost day frequency (FDF). GDD was obtained from the Atlas of the Biosphere (http://nelson.wisc.edu/sage/; based on data from CRU TS 2.1; see below), which bases its estimates on the formula of New et al. (1999) with a 5°C base temperature. FDF was obtained from the Climatic Research Unit (CRU) of the University of East Anglia Global Climate Database (CGIAR-CSI CRU TS 2.1; Mitchell & Jones, 2005) and represents the average number of days in a year that experience frost.
Phylogenetic construction
All models fitted to the data were corrected for the influence of co-ancestry in trait distribution by incorporating phylogenetic hypotheses of relatedness based on 650 bootstrap composite phylogenies. These phylogenies were constructed from an original set of 650 bootstrap phylogenies published by the Legume Phylogeny Working Group (LPWG) (The Legume Phylogeny Working Group, 2013). The LPWG phylogenies were based on a data set of three genes (matK, rbcL and ITS) for 1276 taxa and estimated using maximum likelihood (RAXML v.7.27; Stamatakis et al., 2008) . For these 650 bootstrap trees, we estimated divergence times using penalized maximum likelihood in the program TREEPL (Smith & O'Meara, 2012) , based on five fossil constraints taken from Lavin et al. (2005) and one previously estimated divergence date for the Fabaceae crown group (Bell et al., 2010) . To adapt these phylogenetic hypotheses to our data, we grafted the species present in our dormancy data set onto the revised backbone phylogenies. Species were grafted on at the generic level, with the crown age of the genus set as the node age of the most recent common ancestor. Taxa with dormancy data that were not present in the LPWG phylogeny were excluded.
We created two sets of composite phylogenies to address genera with multiple species. For the first set, genera with multiple species were left as polytomies. For the second set, these genera were randomly resolved as a bifurcating clade using the function 'RCOAL' in the R package APE v.3.2 (Paradis et al., 2004) .
Association of seed dormancy and size with seasonality
To examine whether the distribution of seed dormancy is significantly associated with differences in seed size and the duration of the favorable season, we regressed seed dormancy against the environmental and life history data. As species' shared evolutionary history can bias estimates of trait correlations, all models were fitted controlling for phylogenetic nonindependence among species. Full models were of the form: Dormancy~seasonality 9 seed size | phylogeny where dormancy was considered to be a logistic response variable (0: nondormant; 1: dormant), seasonality was estimated with either the axes of the PCA of bioclimatic variables, GDD or FFD, and seed size was the log of seed size of each species. Then, to estimate the relative effect of seasonality and seed size on dormancy, the full models were compared with univariate models incorporating only seasonality or seed size as the predictor of dormancy. A significant effect of either or both of the predictors can be taken as an indication of the adaptive value of dormancy; that is, dormancy has evolved in response to seed size and/or seasonality. We first fitted the data using a phylogenetic logistic model as implemented in the PHYLOLM R package (Tung Ho & An e, 2014) using median size and seasonality estimates for each species. These logistic models were run over the 650 bootstrap replicates. We tried to approximate intraspecific variation in ecological conditions by fitting models incorporating variation in climatic variables at the population scale. For this analysis, we used MCMCGLMM (Hadfield, 2010) , a Bayesian approach that accounts for nonindependence among species by including the phylogenetic relationships as a random variable. In all analyses, we used weakly informative Gelman priors (Gelman et al., 2008; Hadfield, 2010) and determined the number of iterations, thinning and the burn-in period using diagnostics in the CODA package (Plummer et al., 2006) . Final analyses were run over the consensus tree of the 650 replicates using four chains of 2 9 10 6 generations with a burn-in of 2 9 10 4 and a thinning of 25. Parameter estimates were computed by combining the output of the four chains. In MCMCGLMM analyses, all 216 600 observations were used but phylogenetic autocorrelation was corrected for using a single phylogeny, whereas in PHYLOLM analyses we used the 650 trees but based the PCA only on the median values per species of the bioclimatic variables (n = 522). The fit of the models to the data was estimated based on Akaike information criterion (AIC) (PHYLOLM) or deviance information criterion (DIC) (MCMCGLMM) values. In the latter case, we also evaluated the explanatory power of our models by computing the conditional R 2 (i.e. the proportion of variance explained by both the fixed and random factors -the phylogeny) using the approach described in Nakagawa & Schielzeth (2013) with code available at S. Nakagawa's website (http://www.i-deel.org/) modified for MCMCGLMM output.
Evolutionary shifts between dormancy and nondormancy
Comparing the dormancy of extant species across environments while controlling for phylogeny is distinct from comparing the past environmental conditions under which dormancy or nondormancy evolved. If lack of dormancy is adaptive under specific combinations of environmental conditions and seed sizes, then it should have evolved not only in present-day habitats but also in the past, probably repeatedly, whenever the appropriate conditions were met (i.e. low seasonality and large seeds).
To analyze the evolution of shifts in dormancy in the Fabaceae, we developed a new technique that can identify associations between evolutionary shifts in dormancy states and the other variables across the phylogeny. In this analysis, we focused on the past environmental conditions associated with transitions between dormancy and nondormancy. First, we reconstructed the evolution of a reduced subset of dormancy categories (D and ND) using the stochastic character mapping approach (SIMMAP; Huelsenbeck et al., 2003; Bollback, 2006) . We ran 1000 iterations of the MAKE.SIMMAP function in the R package PHYTOOLS (Revell, 2012) . Second, we reconstructed seed size and environmental conditions throughout the phylogeny under Brownian motion (BM) using maximum likelihood (1000 iterations of the ANC.ML function in PHYTOOLS). Additionally, to control for the potential bias caused by the evolutionary model used to reconstruct traits, we repeated the analyses using Ohrstein-Uhlenbeck models considering that evolution might deviate from pure BM to attain a 'phenotypic optimum' (OU; Butler & King, 2004; Beaulieu et al., 2012) . Finally, we calculated the number of times a shift between dormancy states was reconstructed across each branch of the phylogeny. Initially, the ancestral 'root' state was not coerced and we let SIMMAP determine the most likely state. Then, to control for the potential influence of the root state on shifts across the tree, the analyses were repeated forcing the root state to be either 'dormant' or 'nondormant'. We emphasize that these are analyses of shifts between dormancy states and not regression-like models of seed dormancy as a function of seed size and climate accounting for phylogenetic nonindependence, as in the PHYLOLM and MCMCGLMM models described earlier. All analyses were run across all 650 bootstrap trees.
Results
Global distribution of seed size, dormancy and seasonality
The distribution of the legume seed dormancy and size data at a global scale is shown in Fig. 1 . Dormancy is more prevalent in the temperate zones. Seed size also exhibited a latitudinal distribution; species with the largest seeds were concentrated in the lower latitudes. As expected, environmental variables used to approximate seasonality also followed a latitudinal pattern. GDD had a clear maximum in the tropical region, between 20°N and 25°S, which is also largely frost-free (Fig. 1) New Phytologist these analyses, the first two axes had eigenvalues > 1 and explained > 86% of the total variance (49% PC1 and 33% PC2; Table 1 ; Fig. 1 ). Therefore, we decided to use PC1 as a multidimensional proxy of seasonality. This variable also had a clear latitudinal pattern, with maximum values around the equator and minimum values at high latitudes. Nevertheless, PC1 displayed more variation than the other seasonality metrics, with higher values in equivalent latitudes for locations that have less extreme seasons (e.g. PC1 values were higher for Europe than for North America). PC1 was probably more nuanced than GDD or FDF because it incorporated variation in both temperature and precipitation. Variables that contributed the most to this axis were minimum temperature of the coldest month (BIO6), isothermality (BIO3), temperature seasonality (BIO4) and precipitation seasonality (BIO15; Table 1 ). The PCA of median species values resulted in two axes with eigenvalues > 1 which explained > 91% of the variance (Table 1 ). The first axis explained 55% of the variance and was determined primarily by the temperature variables, while the second axis (36%) was determined exclusively by the precipitation variables (Table 1) . The results of the other technique used to reduce the dimensionality of our data (NMDS) yielded very similar results to those of PCA. The first score also exhibited a clear latitudinal pattern closely related to that of PC1 (R 2 > 97%; Fig. S2 ).
Seed dormancy dependence on seasonality and seed size
The simple mathematical model presented in Methods S1 predicted a fitness increase associated with dormancy as the length of the favorable season decreased. The length of the favorable season at which dormant and nondormant strategies were equivalent (i.e. the adaptive equilibrium) depended on seed size. In general, larger seeds were less dependent on dormancy (Methods S1; Table S1 ; Fig. S1 ). Our empirical results supported these findings. The global biogeographic distribution of seed traits and the associated environmental variables were strongly correlated ( Fig. 1 ; Table 2 ). Although this pattern could be observed across the phylogeny (Fig. S3) , this association appeared not to be Values indicate the loadings on the first two axes of each of the variables included in the analyses. These were the only axes found to have eigenvalues > 1. The percentage of variance absorbed by each axis is indicated below its name. BIO3, isothermality; BIO4, temperature seasonality; BIO6, minimum temperature of the coldest month; BIO7, annual temperature range; BIO14, precipitation of the driest month; BIO15, precipitation seasonality; BIO17, precipitation of the driest quarter. Four model types are presented in the table. The first four model the likelihood of seed dormancy across Fabaceae species as a function of the interaction between log 10 (seed mass) and four metrics of seasonal variation in environmental conditions (frost day frequency (FDF), growing degree days (GDD), and principal component 1 (PC1) and nonmetric multidimensional scaling 1 (NMDS1) of WorldClim environmental data. The fifth models seed dormancy as a function of seed mass alone. Each model was fitted across 650 bootstrap phylogenies to control for phylogenetic uncertainty; we therefore present, for each model type, both the mean estimate (first row) and SD (second row) for each explanatory variable's estimate (Est.), SE, and P-value (P) across the bootstraps. Finally, we also present the estimate of a, which measures the degree of phylogenetic correlation in the data (Tung Ho & An e, 2014) , and the fit of the models to the data estimated by the Akaike information criterion corrected for finite sample sizes (AIC). The results provide strong evidence for an interactive effect of seed mass and environment: in all cases the interactions between environmental conditions and seed size were significant. In keeping with our Bayesian modeling results (see Table 3 ), however, these results do suggest that seed mass alone also has strong explanatory power. The models containing seed mass alone have AIC values comparable to, but still greater than, those of the other models (indicating comparable model support), and their AIC values are are lower than those of models containing environmental data alone (see Supporting Information Table S2 ). New Phytologist affected by phylogenetic nonindependence. The results obtained with maximum likelihood (ML) using a single (median) value of the seasonality estimates per species showed that seed dormancy is determined by the interaction between seed size and seasonality. These variables were highly significant in the full models (i.e. models incorporating both terms as predictors). Moreover, including seasonality and seed size improved the fit of the models to the data, as indicated by the lower AIC values ( Table 2) . The results provide strong evidence for an interactive effect of seed size and environment: in all cases the interactions between environmental conditions and seed size were significant. However, these results do suggest that seed size alone also has strong explanatory power. The models containing seed size alone have AIC values close to those of the other models (indicating comparable model support; Table S2 ). The Bayesian mixed models incorporating intraspecific variation in environmental conditions fitted with MCMCGLMM were also congruent with our forecasts and broadly agreed with our ML results (Table 3 ). All models exhibited high explanatory power (conditional R 2 > 0.8), although in this case one of the seasonality estimates was nonsignificant when accounting for seed size (FDF; Table 3 ). Moreover, the full models including FDF and PC1 as well as seed size had a worse fit to the data than the univariate model including only seed size as indicated by the DIC. The other seasonality estimate, GDD, seemed to have more explanatory power and was significant both alone and in interaction with seed size. Nevertheless, the fit to the data of the model including both GDD and seed size was only marginally better than that of the seed size univariate model (Table 3) . Taken together, these results appear to indicate that, although both environmental conditions and seed size are needed for a proper explanation of the distribution of seed dormancy, seed size is a better predictor of dormancy than seasonality.
Transitions between dormancy and nondormancy in the evolution of the Fabaceae Inference of evolutionary transitions towards nondormancy supported the hypothesis that both the environment and seed size influence the evolution of nondormancy. Reconstructed estimates of seed size and GDD were consistent with a high likelihood of evolution towards nondormancy only in larger seeds exposed to longer favorable seasons. Moreover, no transition towards nondormancy was reconstructed with a seed size < 1 log (g) or with < 4000 GDD (Fig. 2) . This result did not seem to be affected by the evolutionary model considered or by uncertainty in the root state. All analyses gave the same results, regardless of whether trait evolution was modeled following a BM or OU process and independently of the root state (Fig. S4) . This reinforces the results of our regression models, and shows that the evolution of seed dormancy is contingent on the characteristics of the environment but also on seed size.
Discussion
Our results support the working hypothesis that seed dormancy is adaptive in seasonal environments. However, whether dormancy or nondormancy is favored by selection depends ultimately on seed size. Under certain conditions (i.e. when survival in the soil is not a function of seed size), dormancy and size might constitute alternative strategies to adapt to seasonality. The phenological tuning provided by dormancy might be compensated for by the postgermination vigor of seedlings coming from larger seeds. However, our results also indicate an environmental limit to this trade-off: where the growing season is particularly short, dormancy is always favored regardless of seed size. The table displays the coefficients of fixed factors of the Bayesian mixed-models fit with MCMCGLMM incorporating intraspecific variation in climatic conditions and controlling for phylogenetic autocorrelation within the Fabaceae by including the consensus phylogeny as a random factor in the model. The variables used are seed size (log 10 of seed mass, g), dormancy assignment (dormant/nondormant) based on and environmental heterogeneity estimates obtained from principal component 1 (PC1) of the bioclimatic data, the average yearly frequency of frost days (FDF) and average yearly number of growth degree days (GDD). See text, Table 1 and Fig. 1 for details. The first row for each variable corresponds to the results of the univariate model including only that variable as an independent predictor, while the second row shows the results for the full model including each variable, seed size and their interaction. Seed size had a highly significant effect in every model. PC1: first axis of the PCA of the Bioclim variables considered to best approximate seasonality (see text for details). R 2 , conditional R 2 computed based on the methods described by Nakagawa & Schielzeth (2013) ; DIC, deviance information criterion, an estimate of the goodness of fit of each model. A difference of more than five units in DIC can be seen as substantial (Spiegelhalter et al., 2002) .
To date, the theoretical framework for the adaptive value of seed dormancy hinges mainly on its role as a bet-hedging strategy for annuals in unpredictable environments, such as deserts (e.g. Volis & Bohrer, 2013) . Clearly, change in geometric fitness through bet-hedging might determine the micro-and macroevolution of any trait in general and of seed dormancy in particular (Lee & Doughty, 2003) . At this scale of analysis, we cannot definitively tease apart the relative effect of unpredictable versus seasonal variation in environmental conditions in the evolution of seeds. Nevertheless, our results indicate, at least for the Fabaceae, that adaptation to seasonality is also a significant factor in the evolution of dormancy. The association between diapause eggs and predictable environmental fluctuations has been studied in some detail in insects (Cohen, 1970; Bradford & Roff, 1997) , but to our knowledge the role of seed dormancy across broad latitudinal gradients in response to seasonal cycles had not been explicitly addressed before.
Analyses of a large data set of legumes (n = 216 000 observations of 532 species) revealed a clear association between seed dormancy, seed size and seasonality. Dormancy was prevalent in temperate, seasonal environments, while nondormant seeds were concentrated in the tropics. Seed size also showed a similar latitudinal gradient, with larger seeded species concentrated in tropical regions. With the help of phylogenetic models, we tested whether this correlation was indicative of an evolutionary process linking environmental conditions and seed size and dormancy at a global scale. The results of these models showed that dormancy is associated with seasonality; the distribution of dormancy states depended on the interaction between seed size and seasonality; and seed size was a better predictor of dormancy than environmental conditions, such that small seeds were more likely to be dormant, although the models that best fitted the data incorporated both terms. In other words, both environmental variation/ seasonality and seed size are critical to explaining the occurrence of dormancy and nondormancy and the evolutionary transitions between them.
Our simulations of the evolutionary shifts between dormant and nondormant seeds using the legume data, estimating the probability of a change in dormancy state (i.e. from dormant to nondormant or vice versa), suggest evolutionary hysteresis in these phylogenetic transitions. While the shift from dormancy to nondormancy was labile in lineages with larger seeds from aseasonal climates, nondormancy never evolved in small-seeded lineages, and particularly not in climates with shorter growing seasons. These results imply that nondormancy can only evolve in climates with long growing seasons and/or in taxa that produce larger seeds. Conversely, dormancy should be evolutionarily stable in temperate lineages with small seeds.
As an additional step, we formalized the association among seed dormancy and size and seasonal variation in environmental favorability in the model presented in Methods S1. In general, larger seeds were less dependent on dormancy, in agreement with our empirical results and previous theoretical work on the tradeoff between seed dormancy and size (e.g. Venable & Brown, 1988) . Based on our model results, however, there is a limit to this trade-off that is governed by the seasonality of the environment. Specifically, the importance of seed size diminished as the favorable season shortened; in environments where the growing season was particularly short, dormancy was always adaptive, the same pattern that was recovered by our simulations of the evolution of shifts in the dormancy state.
Despite the congruence of the theoretical and empirical results in support of our hypotheses, there are limitations in our data and analytical tools that will be important areas for future studies to address. For example, our analyses are limited by incomplete sampling of phylogenetic and environmental diversity as well as by factors affecting seed survival in the soil other than seed size, such as physical or chemical defensive traits. Seed defenses might alter the association between dormancy state and environment, by facilitating post-dispersal survival of larger seeds in the seedbank (Schutte et al., 2014) . Although we base our conclusions on the strong association between dormancy and seed size found in a family known for its primary and secondary seed defenses, detailed examination of the role of seed defensive properties would be an important avenue for future research. Also, our data set was particularly enriched in a single class of dormancy (physical) and our models did not fully account for intraspecific variation in this trait, seed size or genetic structure. However, variation within species in seed dormancy and size is predicted to follow a similar geographic trend as that observed across species while encompassing lower variation (Moles & Westoby, 2003 ; Montesinos-Navarro et al., The plot is of the average reconstructed probability of transition towards nondormancy, growing degree-days and seed size across all 650 bootstrap phylogenies. The colors of the points represent the probability that a node is nondormant; the more red the point the more likely (n = 650 bootstraps 9 198 nodes = 128 700 points). In all simulations, no nondormant node was reconstructed with a seed size < 1 log 10 (g) or with < 4000 growing degree days. No jitter has been added to the plot; the clusters of points represent clades that were aged differently in the bootstrapped phylogenies. 
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New Phytologist 2012). These and other shortcomings might limit the applicability of our results in certain cases. However, our conclusions were validated by a three-pronged approach: extensive analyses of empirical data, computational models of trait evolution and a theoretical model. As such, we feel that they provide meaningful insights into the biogeographic and macroevolutionary patterns of dormancy and seed size.
In view of our results, the global distribution of dormant seeds seems to follow reliable patterns that establish the likelihood of seed dormancy in any given evolutionary lineage or ecological community. Considering that dormancy, by definition, only limits germination under favorable conditions, and seeds of any species can be present in their local seedbank if conditions are unfavorable for their germination, we can posit explicit predictions across ecological and phylogenetic scales (all else being equal). 1 Within lineages, taxa occurring in more seasonal environments should have smaller, more dormant seeds. 2 Within communities, smaller seeded species should dominate the soil seedbank. By contrast, larger seeded species ensure the presence of their propagules locally across seasons by an 'aerial' bank, that is, by longer reproductive lifespans and/or delayed release from the maternal plant.
To conclude, we propose that a general pattern should be observable at a global scale: aseasonal environments are expected to select for and be dominated by taxa producing larger, nondormant seeds, while smaller, dormant seeds should be adaptive and predominate in seasonal habitats. Future research addressing these hypotheses will clarify the role of seed size and environmental conditions in the evolution of dormancy. 
